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For various material-processing applications with robots we propose the use

of high-power continuous wave and pulsed lasers (Nd3+:YAG, Argon ion, COz ,

excimer, etc.) and optical waveguides for delivering high powers in the ultra-

violet (UV), the visible, and the infrared (IR) regions. We discuss the use of

low-loss silica glass fiber waveguides for delivering high-power laser beam in

the UV to near-IR spectral region (0.3 to 2 fim), and the use of a waveguiding

articulating arm for delivering high-power laser beam in the long IR (2 to 10

/*m). We also describe a design for fitting a C02 laser waveguiding arm to the

robotic arm, as well as the advantages of using optical waveguides for high-

power laser delivery to robots for material processing.

I. INTRODUCTION

Optical waveguides are known to be useful for optical signal trans-

mission in which low-power, modulated semiconductor injection laser
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light is used for lightwave communication applications.
1 The advent

of low-loss optical fiber waveguides, for example, has made possible

long-distance, high-bandwidth lightwave communication systems for

transmitting audio, data, and video signals. This paper discusses the

use of optical waveguides for a different application: high-power laser

transmission for robotic material-processing applications. Using high-

power continuous wave (cw) and pulsed lasers and appropriate optical

waveguides for the ultraviolet (UV), the visible, the near infrared (IR),

and the longer IR, a robot can manipulate the output beam of a variety

of high-power lasers for various processing functions. In Section II we
discuss the available flexible waveguides for high-power laser trans-

mission. In Section III we describe a manually operated C02 laser

waveguiding articulating arm, and in Section IV a design for fitting

the waveguiding articulating C02 laser arm to a robot arm.

At present, automation of material processing using high-power

lasers requires costly, dedicated, large-size equipment. We believe that

an inexpensive, small-size robot controlling a high-power laser beam
with the help of optical waveguides will make possible many new
applications in material processing.

II. HIGH-POWER LASER TRANSMISSION IN OPTICAL FIBER

WAVEGUIDES

While the use of high-power lasers for material processing is well

known,2,3 the use of low-loss optical waveguides for high-optical-power

transmission is not widely practiced.
4 For robotic applications (appli-

cations requiring the unique dexterity and versatility of robots), it is

essential that the combination of high-power laser technology and

robotics does not reduce the dexterity or flexibility of the robots. The
essential element here for providing the flexible link between the high-

power lasers (usually heavy and bulky) and the robots is the optical

waveguide.

Figure 1 illustrates the basic system schematic for using high-power

lasers and optical waveguides in robotic material-processing applica-

tions. Depending on the type of high-power lasers, different optical

waveguides can be used. For example, in the near-infrared region of 1

to 2 urn, e.g., for high-power Nd:YAG lasers at 1.06 fim, silica glass

fibers have excellent transmission characteristics (see Fig. 2). As a

result of advances in lightwave communications technology, the loss

in a silica fiber waveguide can be very low (~1 dB/km, or 0.01 dB/10

m at 1.06 nm). In this case the loss due to coupling into and out of the

fiber waveguide is much larger than the transmission loss for even a

1-km-long optical fiber. Losses in silica glass fibers also can be low

enough (for 10 to 100m lengths) for guiding blue-green and red lasers;

thus such silica fibers are useful for transmission of high-power Argon
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Fig. 1—Schematic of a system using flexible optical fiber waveguides for delivering

high-power laser radiation to the robotic arm/hand for various material-processing
applications.
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Fig. 2—Loss spectra of a typical low-loss silica glass fiber waveguide. For practical

robotic material-processing applications, fiber loss of 1 dB/10 m (or 100 dB/km) could
be considered low loss.
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ion and Krypton ion lasers, as well as high-power ruby and alexandrite

lasers. Recently available special UV silica glass fibers* may also be

used for the ultraviolet wavelength region (0.3 to 0.4 /mi). The loss is

about 1 to 2 dB for every 10m, which is still low. Such fibers are useful

for transmitting UV lasers (e.g., He-Cd lasers and excimer lasers) in,

for example, photochemical applications.

Thus we have available appropriate optical fiber waveguides for

transmitting high-power laser radiation in the spectral region from

UV to near IR through at least 5 ~ 10 meters. This allows the bulky

high-power laser head and its high-energy power supply (and cooling

system, if any) to be separated from the robot, while allowing the

powerful laser beam to be delivered to the robot arm or fingertip. As

we saw in Fig. 1 a high-power Nd:YAG laser and silica glass fiberguide

could be used for guiding the laser radiation to the robot hand

(gripper). The silica glass fiber can be routed inside the robotic arm

assembly, or mounted externally but attached to the side of the arm,

depending on the situation or work requirement. The output fiber end

can have a microlens (such as a half-pitch graded-index-rod lens) or a

small conventional lens attached for output beam focusing.

For transmitting Nd:YAG lasers, ruby lasers, Argon ion lasers (in

the visible and the near-infrared spectral region), the silica glass fibers

are typically very small in dimension: outer diameters are on the order

of a few hundred micrometers to a few millimeters, including the

protecting jacket or cable. For high-laser-power output with well-

defined spatial distribution (e.g., for maximum brightness, or best

focusing), single-mode fibers with appropriate refractive index differ-

ence Arc and core diameter 2a can be designed (with normalized

frequency V «£ 2.4 at the laser wavelength) for use in these different

wavelength regions. If maximum overall energy transmission without

concern for the spatial quality of the laser beam output is desired, a

large-core, high numerical aperture (N.A.) silica glass fiber can be

used for high-energy delivery to the robot. For the propagation prop-

erties and design considerations in single-mode and multimode silica

glass fibers, appropriate references
1 should be consulted.

For transmitting high-power, longer infrared (2 to 10 /tm) lasers

such as C02 lasers, a configuration similar to that shown in Fig. 1 can

be used, if a truly flexible C02 laser fiberguide is available. Presently,

various glass and crystal fibers are being developed for this spectral

region.
6 Notably among them are the polycrystalline KRS-5 fibers

6

and the single-crystal AgBr fibers
7
for C02 lasers transmission. How-

ever, presently available long infrared fibers tend to be very lossy and

* UV fibers with losses in the 150 dB/km range for A ~ 310 nm range have been

reported by, for example, Quartz and Silice, France.
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fragile. Thus the mechanical and optical properties are not yet truly

satisfactory. Therefore, at present, bulky conventional articulating

arms (consisting of aligned mirrors) are used for most applications

requiring some flexibility in C02 laser delivery. To improve the flexi-

bility and stability, Bridges and Strnad have developed a novel

"waveguiding" articulating arm for transmitting high-power C02 laser

radiation.
8 The arm, shown in Fig. 3, has been designed for manual

control. It is compact and relatively articulate. In the future, truly

Fig. 3—The Bridges/Strnad waveguiding articulating arm for high-power C02 laser

delivery.
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flexible long-wavelength fibers are expected to have lower loss and

higher strength than those presently available. Until then, the Bridges/

Strnad waveguiding articulating arm would be the choice for C02 laser

delivery to the robot. In Section III we discuss in more detail the

design of this C02 laser arm; in Section IV we describe designing this

laser arm to fit onto a robot arm for material processing.

III. BRIDGES/STRNAD WAVEGUIDING ARTICULATING ARM FOR LONG-
IR LASER RADIATION

Figure 4 shows the design details of the Bridges/Strnad arm used

for manual operation (see Fig. 3). This articulating arm uses the

principles of waveguiding in hollow dielectric tubes. This new arm has

R~.

BALL BEARING—

-DIELECTRIC WAVEGUIDE

R - ROTATING JOINT

DIELECTRIC WAVEGUIDE

„ 7DIELECTRIC WAVEGUIDE

--MIRROR

Fig. 4—The design of the Bridges/Strnad waveguiding articulating laser arm for

flexible delivery of high-power, long-IR (e.g., CO2 laser at 10.6 /mi) optical radiation.
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a number of advantages over previous articulating arms, including

compactness and better pointing accuracy when compared with con-

ventional articulating arms.9
Flexible waveguides such as metal

waveguides10 and presently available infrared fibers are problematic

because of the multimode nature of the guide. Single-mode radiation

from the laser is rapidly degraded into a multiple-mode pattern that

changes in form as the guide is moved. The degradation reduces

considerably the maximum intensity that can be obtained by focusing

the output radiation. In the case of articulating arms of conventional

design the single mode is preserved, but unless the input beam is

launched precisely on axis and the mechanism of the arm is precisely

correct, the output beam will wander in a complicated manner as the

arm is manipulated. Such arms are also characteristically large and

cumbersome. The Bridges/Strnad arm design avoids this problem by

propagating the radiation in straight, hollow, dielectric waveguides of

the Marcatili-Schmeltzer type.
11 A single mode can be maintained in

the guide, while the pointing accuracy is far less affected by initial

launch conditions and accuracy of construction. (Pointing accuracy is

determined by how closely the direction of the output beam conforms

to the mechanical axis of the arm.) A farther advantage is the compact

design resulting from the elimination of diffraction spreading of the

beam, by the guiding action of the waveguide.

The Marcatili-Schmeltzer waveguide carries radiation in the hollow

circular bore of a dielectric tube. The dielectric need not be transparent

to the radiation being guided. The mechanism of guiding can be

thought of as a continual-glancing-angle Fresnel reflection from the

dielectric walls. This reflection is not total, but close to 100 percent

for very shallow incident angles to the walls. The modes ofpropagation

have been calculated by Marcatili and Schmeltzer, 11 and they find that

the lowest loss mode is the EHu mode. An appropriate waveguide size

is 50 to 200 wavelengths in diameter. This size is large enough to give

low loss, but still retain adequate guiding so that straightness of the

tube is not an important factor, although curvature of the tube axis

introduces extra loss by an amount that increases with tube diameter.

Since the dielectric need not be transparent to the radiation, glass

or quartz tubing which is readily obtainable in precision bore form can

be used to transport 10.6-/im radiation. Single-mode laser radiation is

conveniently launched into the waveguide by means of a lens (Fig. 5).

The focal length of the lens is chosen to closely match the input

Gaussian beam to the guided beam with small loss.
12 Short gaps in the

tube can be tolerated with small loss so that mirrors which turn the

beam through a 90-degree angle and are basic to the operation of the

infrared articulating arm can be used in a simple arrangement (see

Fig. 4).
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Fig. 5—Launching a free-space Gaussian beam into waveguide by means of a lens.

As a secondary feature, the glass or other visibly transparent

waveguide tube can act as a light pipe to carry visible light through

the arm. This light can be used for illuminating the work area, or for

aiming the output beam. For this application the mirrors should be

highly reflective in the visible as well as the infrared range. A suitable

material is evaporated silver.

With the above concept in mind, various components of a possible

waveguide articulating arm were tested in the laboratory, using a 10-

(im CO2 laser as a source. A 13.9-cm length of fused quartz tubing with

1.55-mm bore was tested. When a 30-cm focal length lens was used to

focus the radiation into the guide, a transmission of 93 percent was
found. To test the effect of small misalignments, the tube was pivoted

off axis around the input point by one-half of one degree, and the

transmission dropped by only 2 percent. Finally, a mock-up of a corner

elbow (see Fig. 4) was made on the bench and a transmission of 95

percent was measured. This information demonstrated the feasibility

of the idea and a complete arm was designed and fabricated (see Fig.

3). The arm contains three sections of waveguide that are 13 cm long

and three more that are 2 cm long. The six corner mirrors used were

commercially obtained. They were made from silicon 1 mm thick and

were coated with silver and a transparent protective layer. The corners

swivel on precision ball bearings. With a total length of 40 cm the arm
can access any point in a 80-cm-diameter sphere. The completed arm
was tested and found to have a transmission of 80 percent. Power up
to 5W cw was transmitted with no damage. The 1.55-mm diameter

beam from the output tube was substantially single mode and could

be focused to a near-diffraction limited spot. As we expected, there

was no wander of the output beam relative to the output tube as the

arm was moved. The small size and light weight made it very easy to

manipulate the arm and to place the output beam in any desired

position.
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IV. A ROBOTIC ARM FITTED WITH THE WAVEGUIDING ARTICULATING
C02 LASER ARM

The simplistic approach to using the Bridges/Strnad waveguiding

CO2 laser arm is to make the robot gripper hold and maneuver the tip

of the articulating laser waveguide. This approach, however, has a

major drawback. Reorientation of the laser-beam output requires, in

general, rotations of all five revolute joints of the articulated wave-

guide. In many cases, this complex reconfiguration of the articulated

waveguide prevents a continuous rotation of the laser-output tip and

requires the robot to follow a complicated path.

In addition, a force and torque sensor on the gripper would be

essential to ensure that the articulated waveguide is not damaged by

the robot in the attempt of imposing a particular five-link configura-

tion. This is still beyond state of the art robotics, since even the

turning of a simple two-link crank by a robot arm is a complex

compliance problem not yet satisfactorily solved.

A second approach is to fit the waveguide within or beside the robot.

Because of the required 90-degree revolute joint articulations, this is

not a trivial task. In fact, many existing robots have prismatic joints

and/or unsuitable dimensions.

We now propose a new robot system consisting of two arms: master

and slave. The master arm is positioned by motors, whereas the slave

arm only carries the waveguide. The slave arm is the Bridges-Strnad-

type five-link waveguiding laser arm with 90-degree rotational joints.

Unlike the original Bridges-Strnad arm shown in Fig. 2, it now has

nine (rather than six) mirrors and a different link geometry as de-

scribed below. The master arm is, for example, a Microbot Alpha*

whose hand gripper and side casing have been removed. The robot has

a repeatability of ~250 ^m and a positioning speed of 50 cm/s. The
two arms are connected "in parallel" as follows.

Figure 6 shows schematically the connection between the master

and the slave arms. The mirrors of the slave arm are labeled 'b' to *f.

Laser input and output are at 'a' and 'k', respectively. Five mirrors are

rigid and four ('b', V, 'g', and 'h') are movable. The axes of rotation

of the master arm are indicated by rotation angles 0i to 5 . Except for

axis 5, the axes of rotation of the slave arm coincide with the corre-

sponding axes of rotation of the master arm. For example, a rotation

3 of the master arm corresponds to an equal angle rotation of the

slave arm about the direction 'f'-'g'. The slave arm direction 'i'-'j'

does not coincide with, but is parallel to, 65 of the master arm. The
connection between these two axes is through a pair of identical gears,

as shown in Fig. 7. The connection between the two arms at the other

* New industrial-quality product of Microbot, Inc.
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Fig. 6—Schematic diagram showing the master slave configuration of the COa laser

beam positioning robot.

four axes of rotation is via rigid mounts (not shown in Fig. 6) except

for axis 3, where a moderately compliant plastic mount is used for

attaching the two arms. This connection compensates for possible

slight misalignments between the first four pairs of axes and thus

prevents damage to the slave arm.

A precise description of the two-arm assembly is conveniently done

using Denavit-Hartenberg13 notation, which is standard for robots.

The five links of the slave arm are defined as follows. The origin is at

the intersection between axes 6\ and 62. Link 1 is segment 'bcde'; Link

2 is segment 'defg'; Link 3 is segment 'fghi'; Link 4 is segment 'hij';

and Link 5 is segment 'ijk\ The exact geometry is given in Table I,

where a, is the twist angle, a, is the ith link length, and d
l
is the (i-1)

to ith link distance. These definitions correspond to the conditions:

1) 02 = as = 'hg = 'ef; 2) '« = 'gf' =W = 2d4 ; 3) 'ab' 'cd\ 'if, 'jk'

have arbitrary length.

The transmitted power efficiency should remain high. Extrapolating

from the 6-mirror configuration, approximately 70-percent efficiency

is expected. The resolution is determined by the master arm. In our

case it is approximately 250 /im. Note that the slave arm is detachable

so that the robot can be used for other tasks.
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Fig. 7—Detail of the gear-connection of the 4th and 5th revolute axes of the master

arm with the 'h-i' and 'i-j' revolute axes of the slave arm.

Table I—Denavit-Hartenberg manipulator parameters for the

two-arm robot system

Master Slave

Link Twist An-
gle, a,, in

degrees

Link
Length,
a„ in cm

Link Dis-

tance, dt,

in cm

Twist An-
gle, a„ in

degrees

Link
Length,
a„ in cm

Link Dis-

tance, di,

in cm

1

2

3

4

5

-90

+90

17.78

17.78

-90

+90

17.78

17.78

10.0

1.27

V. ROBOTIC MATERIAL PROCESSING

The use of high-power Nd:YAG lasers and C02 lasers for material

processing such as welding, cutting, drilling, scribing, trimming, heat

treating, annealing, etc., are well-documented.2 Thermally and pho-

tochemically induced reactions are also well known. The advantages

of robot-laser-processing of materials are dexterity in robotic-laser-

beam maneuvering, processing of complex-shaped materials, and ver-

satility in adapting the changing environments and changing material-
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processing functions. Existing nonrobotic, dedicated laser material

processing apparatus2,3
is much more restricted and expensive to

modify should work requirement change. The combination of robots

and high-power lasers is a natural technological direction to pursue

for more versatile material handling and processing. The various forms

of optical waveguides we describe here provide the important, and

maybe indispensible, flexible links between robots and high-power

lasers.

The use of these flexible, lightweight optical fiber waveguides (as-

suming they will also be available at long IR in the near future) for

delivering high-power laser radiation to robots for material processing

has several distinct advantages:

1. The bulky, heavy laser system could be remotely located so that

any high electromagnetic interference (noise interfering with computer

signal control of the robot and data transmission) could be eliminated.

2. The use of lightweight flexible optical fiber waveguides on the

robot arm (or body) allows laser-material processing in mobile robots

without undue constraints on their mobility.

3. Since the work space is not crowded by the use of high-power

lasers, multiple robots can work together simultaneously in a compli-

cated laser-material-processing task.

4. The use of several different kinds of high-power lasers at different

wavelengths in a single robot can be achieved easily by routing multiple

waveguides of different types through the robot, with appropriate

shutters to control the switching of laser beams.

Our preliminary experimental results show that we can transmit

(deliver) 5W of cw Nd:YAG laser power to the silica glass fiber output

suitable for laser soldering. With high-power NdrYAG lasers and more
effort in fiber design and coupling, we expect to be able to deliver more
than 10W (cw) through single-mode fibers and more than 25W (cw)

through multimode, large-core silica glass fibers. Since the damage
threshold for silica glass fibers is in the GW/cm2

range, pulsed laser

of high peak power also can be transmitted. With such lightweight

optical fibers giving out such high-output laser power at the fingertip

(gripper) of a robot, even a small inexpensive robot can perform many
complicated material-processing or microprocessing functions.

With long IR lasers such as C02 lasers and the Bridges/Strnad type

waveguiding articulating arm, 5W of power has been transmitted.

Much higher-power (20 to 100W) transmission is expected before

mirror damage occurs. With future advances in low-loss long IR fibers,

truly flexible CO2 laser transmission at 20- to 40W levels
6 can be

expected.

The positioning resolution and repeatability in robotic laser material

processing depend on the specific robot design. High positioning
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precision (10-/zm repeatability) and high positioning speed (1.6-m/s)

robots14
are fast becoming available. The use of lightweight flexible

waveguides for high-power laser delivery to robot arm ensures that

such high positioning accuracy and speed will not be compromised.

This is another distinct, significant advantage.

In summary, the use of appropriate optical waveguides for trans-

mitting and delivering high-power laser radiation to a robot arm will

make possible complex robotic-laser-processing of materials. Medical

and biological applications of robotic microprocessing with fiber-

guided lasers can also be envisioned. These could be considered a

special case of robotic material processing. The combination of tech-

nology of high-power lasers, optical waveguides, and robotics will

certainly open up a new era of laser material processing.
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